A reversed-phase high-performance liquid chromatographic method was developed for the analysis of eight anticoagulant rodenticides in animal liver. Coumarinic anticoagulant rodenticides (brodifacoum, bromadiolone, coumachlor, coumatetralyl, difenacoum, and warfarin) were detected by using a gradient elution and a fluorimetric detection. Indanedione anticoagulant rodenticides (chlorophacinone and diphacinone) were detected by using an isocratic elution and an UV detection. Anticoagulants were extracted from liver with mixtures of acetone/diethylether and acetone/chloroform. Extracts were applied to solid-phase extraction cartridges. Linearity was checked over the concentration range 0.1-0.6 pg/g. Relative standard deviations of within-run and between-run variability were all between 5.7 and 10.3%. Recoveries from spiked liver samples were between 51.7 (difenacoum) and 78.2% (warfarin). Limits of detection were between 0.01 (difenacoum and warfarin) and 0.11 pg/g (chlorophacinone).
Introduction
Anticoagulant rodenticides are currently used to control rodent populations. Their commercial preparations include concentrates, ready-to-use cereal-based baits, and tracking powders. Their fundamental mode of action is the inhibition of the vitamin K epoxide reductase, which causes blood clotting alterations, leading to hemorrhaging as the ultimate cause of death. They are responsible for poisoning to nontarget animals, such as dogs, cats, and wild animals, because of direct ingestion of baits or, to a lesser extent, ingestion of poisoned rodents.
In addition to the clinical and pathological signs, the analytical determination of the anticoagulant rodenticides residues in animal tissues is required for postmortem certainty diagnosis of poisoning. The liver generally contains the highest levels of anticoagulant rodenticides residues, which makes it the most diagnostically useful tissue. However, anticoagulant rodenticides concentrations in liver are usually low--below 1 IJg/g wet weight--because these compounds are intensively metabolized * Author to whom correspondence should be addressed.
degraded or both before and after the animal's death. A sensitive and selective method for analyzing anticoagulant rodenticides in liver is therefore required to diagnose postmortem poisoning.
High-performance liquid chromatography (HPLC) appears to be the most effective method for the determination of anticoagulant rodenticides in animal liver. A number of reversed-phase HPLC methods have been described for the determination of individual compounds such as brodifacoum (1) (2) (3) , bromadiolone (4), chlorophacinone (5--6), warfarin (7) , and difenacoum (8) . Multicompound reversed-phase HPLC methods have also been described (9-16), but some of them have the disadvantage of relying on gel permeation chromatography for sample cleanup (9, 10, 12) . This paper presents a rapid multicompound method convenient for analyzing six coumarinic rodenticides (brodifacoum, bromadiolone, coumachlor, coumatetralyl, difenacoum, and warfarin) and two indanedione rodenticides (chlorophacinone and diphacinone) in animal liver using a single extraction and cleanup procedure. The eight compounds were separated by either isocratic or gradient elution reversed-phase liquid chromatography followed by either fluorescence or UV detection.
Materials and Methods

Chemicals
Acetonitrile (Merck, Darmstadt, Germany) and methanol (Carlo-Erba, Milano, Italy) were HPLC grade. All the other reagents were analytical grade. Chloroform stabilized with ethanol, ammonium acetate, potassium phosphate monobasic, and disodium phosphate were supplied by Merck. Acetone, glacial acetic acid, anhydrous sodium sulphate, and diethylether were purchased from Panreac (Barcelona, Spain), and triethylamine was obtained from Sigma-Aldrich (St. Louis, MO). The water used in buffers and eluents was distilled and purified with an Elgastat Spectrum RO2 (Elga, Ltd, Buckinghamshire, England). Standards of brodifacoum, bromadiolone, chlorophacinone, coumatetralyl, coumachlor, difenacoum, diphacinone, and warfarin were obtained respectively from Bayer (Leverkussen, Germany), CIL Cluzeau (Paris, France), Lipha (Lyon, France), Rh6ne-Poulenc (Lyon, France), and Zeneca S~. (V~lizy-Villacoublay, France).
Apparatus
The HPLC system consisted of a Varian 5000 chromatograph equipped with a Rheodyne injection valve (Palo Alto, CA), a Merck IA250 variable-wavelength absorbance detector, a Merck F1000 fluorescence detector, and a Merck D-2500 integrator. The analytical column, a 5-1Jm LiChroSpher 100 RP-18E (125 x 4.6-ram i.d., Merck) was equipped with a 5-1~m LiChroSpher 100 RP-18E guard column (4 • 4.6-mm i.d.).
Chromatographic conditions
Analysis of the coumarinic compounds (gradient conditions). The mobile phase consisted of methanol and ammonium acetate triethylamine buffer pH 5.2 at a flow rate of 1 mL/min. The buffer was prepared by mixing 3.85 g ammonium acetate, 2 mL glacial acetic acid, and 2 mL triethylamine in 1 L of water. Elution was as follows: the solvent gradient was from 0 to 4 rain, linear gradient from 62 to 82% methanol; from 4 to 12 rain, held to 82% methanol; and from 12 to 17 rain, a linear 
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.$ change back to the initial conditions. The fluorescence detector was set at an excitation wavelength of 318 nm and an emission wavelength of 390 nm.
Analysis of the indanedione compounds (isocratic conditions).
The mobile phase consisted of acetonitrile and phosphate buffer (pH 7.6, 45:55, v/v) at a flow rate of 1 mL/min. The buffer was prepared by mixing 13.20 mL of an aqueous solution containing potassium phosphate monobasic (9.08 g/L) and 86.80 mL of an aqueous solution containing disodium phosphate (9.46 g/L). The IN detector was set at 281 nm and 0.01 aufs.
In the two chromatographic systems, the solvents were filtered through a Millipore (Bedford, MA) HPLC solvent filtration system and Millex HV 0A5-~m nylon filters (Millipore) and then sonicated for 15 rain. The chromatographic assays were performed at 24~ The sample volume injected onto the column was 50 IJL. The guard column was replaced every 100-150 sample injections.
Standard solutions
Stock solutions of the eight anticoagulant mdenticides were prepared in acetone at a concentration of I mg/mL and were stable for one month when stored at 4~ Working standard solutions were prepared by dilution either in a mixture of 62% methanol and 38% ammonium acetate triethylamine buffer (coumarinic compounds) or in a mixture of 45% acetonitrile and 55% phosphate buffer (indanedione compounds). Working solutions were always prepared immediately before use.
Extradion and cleanup
Liver (5.0 g) was homogenized using a high-speed blender (Ultra-turrax, Bioblock Scientific, Illkirsch, France) and dried with 2 g anhydrous sodium sulphate before being extracted. The liver sample was extracted with 15 mL of a mixture of acetone and diethylether (90:10, v/v), homogenized for 5 rain (Heidolph, Bioblock Scientific), and centrifuged at 10,000 rpm for 5 rain at -8~ (Jouan model MR 1822 centrifuge, Saint Herblain, France). The residue was extracted again with 15 mL of a mixture of acetone and chloroform (50:50, v/v), homogenized, and centrifuged similarly. n The combined supernatants were evaporated to dryness in a Bt~chi 461 rotavapor (Flawil, Switzerland) at 40~ and reconstituted to 2.0 mL in a mixture of methanol and ammonium acetate triethylamine buffer (62:38, v/v). This extract was concentrated by passing through a 3-mL octadecyl solid-phase extraction cartridge (Bond Elut, Analytichem International, Harbor City, CA). Before use, the cartridge was activated with 3 mL of a mixture of methanol and chloroform (15:85, v/v) and 1 mL of chloroform. After the sample had been passed, the cartridge was eluted with 6 mL of a mixture of methanol and chloroform (15:85, v/v). The eluate was evaporated to dryness under a nitrogen flow at 40~ and reconstituted to 1.0 mL in either a mixture of 62~ methanol and 38% ammonium acetate triethylamine buffer (coumarinic compounds) or a mixture of 45% acetonitrile and 55% phosphate buffer (indanedione compounds).
Validation assay methodology
An overall validation of the method was performed using canine liver samples spiked with working standard solutions. A daily calibration curve was obtained by spiking 5.0-g samples at four concentrations of anticoagulant rodenticides (0.5, 1.0, 2.0, and 3.0 lJg) and analyzing three replicates for three consecutive days. The precision of the method was checked by spiking 5.0-g samples with 1.0 ~g of anticoagulant rodenticides and analyzing ten replicates for two consecutive days. The extraction recoveries were determined for three consecutive days by comparing peak heights obtained from extracted spiked samples with peak heights obtained using the working standard solutions. The limits of detection and quantitation were the smallest concentrations giving signal-to-noise ratios greater than 3 and 10, respectively. A 60-day study of stability was performed by analyzing 5.0-g liver samples spiked with 1.0 1Jg of anticoagulant rodenticides and stored at-20~
Results and Discussion
Chromatographic conditions
Reversed-phase HPLC has often been used for the analysis of anticoagulant rodenticides in animal liver. For the first time, a LiChroSpher 100-RP 18E prepacked column was used as a reversed-phase column in order to separate anticoagulant rodenticides. Therefore, the interest of using "endcapped" materials that contain a negligible proportion of accessible hydroxyl groups is demonstrated.
Analysis of the coumarinic compounds
All the previous workers using reversed-phase systems added an organic modifier (methanol or acetonitrile) to an aqueous eluent. Comparisons of the two modifiers indicated that resolution and selectivity factors were higher when using methanol than acetonitrile (2,3,10-12,17) . When using disodium phosphate or potassium phosphate monobasic or dibasic in the aqueous eluent, baseline drift and severe peak tailing were consistently noted. When using ammonium acetate and triethylamine in the aqueous eluent, the chromatograms were free of interfering peaks, and neither tailing nor baseline drift were evident.
Isocratic systems were tested using different proportions of methanol and ammonium acetate triethylamine buffer. They did not achieve the elution of the six compounds as separate peaks with no resolution of the isomers. Consequently, efforts were applied to developing a gradient system. When starting the gradient at 62% methanol and using the fluorimetric detection, resolution was improved, and the six coumarinic anticoagulant mdenticides are eluted between 2.2 and 13.8 rain (Table I) . No changes in retention times were noted with continual column use. No additional peaks that would possibly result from impurities or degradation products and could interfere with the anticoagulant rodenticides peaks were noted on the chromatograms (Figure 1) .
Under the operating conditions, the capacity, selectivity, and resolution factors were 1.1 to 6.6, 1.1 to 1.6, and 2.7 to 3.7, respectively.
Fluorescence excitation and emission spectra of solutions of each coumarinic rodenticide in a mixture of methanol and ammonium acetate triethylamine buffer (62:38, v/v) were measured. All emission spectra showed maxima at 390 nm when excited at 325 nm in the case of coumachlor, coumatetralyl, and warfarin and when excited at 275 nm in the case of brodifacoum, bromadiolone, and difenacoum. An excitation wavelength of 318 nm was selected because it was optimal for the six coumarinic compounds (9) .
Analysis of the indanedione compounds
In reversed-phase chromatography, the organic modifier used in other studies was either acetonitrile or methanol with the tetrabutylammonium ion as the counter ion. Acetonitrile was preferred in order to optimize a simple chromatographic procedure (5) . When using disodium phosphate and potassium phosphate monobasic in the aqueous eluent, the chromatograms were free of interfering peaks, and neither tailing nor baseline drift were evident.
An isocratic system was tested using different proportions of acetonitrile and phosphate buffer. When 45% acetonitrile was used, chlorophacinone and diphacinone were eluted quickly, and resolution was improved.
Under the operating conditions, the capacity, selectivity, and resolution factors were, respectively, 1.0 to 1.3, 1.6, and 2.6. Using UV detection at 281 nm, chlorophacinone, diphacinone, Journal of Analytical Toxicology, Vol. 2 I, November/December 1997 and three coumarinic compounds were eluted between 2.0 and 8.6 rain (Table I) . No additional peaks that interfered with the anticoagulant rodenticides peaks were noted on the chromatograms (Figure 2) .
UV spectra of solutions of each indanedione rodenticide in a mixture of acetonitrile and phosphate buffer (45:55, v/v) were measured. The optimal absorbances were obtained at a fixed wavelength of 281 nm for these two compounds (5) .
In the two chromatographic systems, the guard columns were changed after 100-150 injections because of its saturation by liver components, which resulted in a drift of the baseline. At the end of each day of operation, cycling with either methanol and water (62:38, v/v) (coumarinic compounds) or acetonitrile and water (45:55, v/v) (indanedione compounds) through the analytical column for 2 h helped extend column life. Under these conditions, there was no loss of bonded layer, and the column was stable for a long period. The analytical column was used for more than 1500 sample injections without any change in its performance. The final number of its theoretical plates was about 90% of the initial value.
Extraction and recoveries
Many organic solvents--acetone, chloroform, dichloromethane, methanol, cyclohexane, n-hexane, and acetonitrile--have been used to extract anticoagulant rodenticides from liver. An optimal extraction solvent did not exist in a multicompound analysis. From one perspective, co-extracted materials can make the analysis of liver tissue difficult. From another perspective, solubilities in polar and nonpolar solvents are very different from an anticoagulant rodenticide to another. Overall, a mixture of acetone and chloroform was found to be the more suitable extraction solvent (6,9,10). Before using this mixture, acetone and diethylether were used in order to eliminate protein extracts and give cleaner extracts (6, 10, 18) .
The removal of lipid material was very important in the cleanup procedure of the liver extracts as the HPLC mode involved the use of polar/aqueous mobile phases. The extracts were purified by using octyl and octadecyl solid-phase extraction cartridges from Analytichem. The effects of the nature and volume of solvents for conditioning, washing, and eluting the cartridges were also tested. The best recoveries were obtained with octadecyl solid-phase extraction cartridges with methanol and chloroform as conditioning solvents, no washing solvent, and a mixture of methanol and chloroform as the elution solvent (12) . The carrying out of an elution gradient showed the optimal percentage of chloroform in the elution solvent to be 75%. In order to select time-and money-saving conditions for evaporation to dryness, an elution solvent containing 85% of chloroform was chosen. The mean recoveries of the anticoagulant rodenticides from liver were determined under these conditions (Table II) . They were calculated as the mean of the recoveries obtained for each of the four fortification levels because recoveries were not significantly different from one to another at the 0.05 level (data not shown). These mean recoveries varied from one compound to another, mainly because their respective solubilities in polar and nonpolar solvents were very different. Some of them were lower than those determined by other extraction and cleanup procedures, especially for difenacoum and brodifacoum (2, 3, (9) (10) (11) (12) (13) 16, 17) . This remained unclear because the extraction and cleanup procedures used in this method were very close to those used by some authors (9, 10, 12, 16) .
Linearity and precision
A statistical test of linearity was performed for each calibration curve separately, using a weighted analysis of variance ANOVA (19) . All the calibration curves showed linearity in the range examined (0.5 to 3 ~g) at the 0.05 level (Table III) . A good correlation was obtained between anticoagulant rodenticides amounts and peak heights: all correlation coefficients were between 0.972 and 0.998 (Table III) .
The relative standard deviations of within-run and betweenrun variability for 5.0-g samples spiked with 0.5 I~g of anticoagulant rodenticides were between 5.7 and 10.3% (Table II ). An analysis of variance showed there was no significant difference between the relative standard deviations of within-run and between-run variability at the 0.05 level.
Limits of detection and quantitation
The limits of detection and quantitation of the anticoagulant rodenticides in liver tissue are given in Table IV .
The limits for the coumarinic compounds were the same as those given by other authors (2, 3, 5, (11) (12) (13) (14) (20) (21) . Those of the indanedione compounds were higher than those of the coumarinic ones, mainly because UV detection was less sensitive than fluorimetric detection. Nevertheless, the calculated limits are suitable for diagnosis of anticoagulant rodenticide poisoning in animals.
Stability
A study of the stability of anticoagulant rodenticides in 5.0-g liver samples spiked at an amount of 1.00 I~g and stored at-20~ was performed. All the recoveries of anticoagulant rodenticides from the samples stored at-20~ were within the average limits previously determined (19) (Table II) . There was no significant decrease (p = 0.05) of the anticoagulant rodenticides recoveries from samples maintained at -20~ over 60 days.
Conclusion
This method provided a selective, reliable, and precise method for the rapid determination of eight anticoagulant rodenticides in animal liver. It did not require time-consuming complex extraction or derivatization techniques. An analyst familiar with the method could easily process eight samples a day. Although recoveries were rather low for some compounds, this method was adequately precise and sensitive for the purpose of animal poisoning diagnosis.
